A broadband ultrasonic spectrometer has been used to measure ultrasonic attenuation and phase velocity dispersion as functions of frequency in kaolin suspensions over a range of solid volume fractions from ‫؍‬ 0.01 to ‫؍‬ 0.08 and over a pH range from 3 to 9. The Harker and Temple theory was used to simulate ultrasound propagation in the suspension, using measured slope viscosity, particle size, and size distribution. Simulated results for ultrasonic attenuation and phase velocity agree well with measured values. Both sets of results agree well and show that for volume fractions above ϳ 0.05 attenuation and velocity dispersion increase for increasing floc size, whereas for volume fractions below ϳ 0.05 attenuation and velocity dispersion both decrease. It is proposed that the mechanism for this change in behavior around ϳ 0.05 involves changes in floc density and floc size distribution with and pH.
INTRODUCTION
Refined kaolin has a wide variety of commercial applications that include ceramics, pharmaceuticals, paints, and paper manufacturing. During many stages of its refinement, it is in the form of an aqueous suspension where rheological and processing properties depend on the degree of flocculation of clay particles. There are strong commercial reasons for developing techniques that will give quantitative estimates of floc sizes during processing, particularly slurries that are opaque to light. One such possibility is ultrasound testing of clay suspensions, and this is the subject of this paper. Ultrasonic compression wave interactions with particulate mixtures are complex and in principle involve scattering, hydrodynamic and thermal phenomena, and relaxations. The observable results of these are changes in ultrasonic attenuation, generally expressed as an attenuation coefficient with the units in nepers per meter (Npm Ϫ1 ), and changes in wave phase velocity, both as functions of frequency.
In this work we consider the theoretical basis for ultrasound propagation in particulate mixtures in terms of the well-known coupled phase model of Harker and Temple (1) . Of particular interest is the extent to which the wave propagation theory can model interactions with particles of complex shapes that are expected in clay suspensions, taking into account expected polydispersity in particle size.
A wide bandwidth technique to measure ultrasound attenuation and phase velocity as functions of frequency in liquid mixtures is now well established (2) and is briefly described. This is used to determine the effects on ultrasound propagation of flocculation of an aqueous clay suspension, incorporating a commercial grade of kaolin [Supreme, English China Clay International (ECCI)], as a result of pH variation. The type of flocculation encountered in the clay extraction industry leads to loose open edge-face flocs with a fractal dimension of about 1.8 (3) , which is strongly influenced by pH. This is in contrast to the more compact face-face aggregates encountered by increasing ionic strength, and so in the present study variations in ionic strength caused by changes in pH are not expected to be significant (4) .
THEORETICAL BACKGROUND

The Basic Model
The ultrasound propagation theory used in this work is the coupled phase model of Harker and Temple (1) which treats colloidal suspensions in terms of bulk hydrodynamic properties where the long wavelength limit applies and volume fraction Ͻ 0.1. This model is simpler to apply than scattering theories (5-7) in that it does not require as many physical parameters to be specified. This can be disadvantageous where variation of unspecified parameters is significant. However, a major advantage is that the restriction of assumed particle sphericity can be lifted, provided that a Stokes hydrodynamic equivalent radius can be found for other particle shapes.
The wavenumber k given by Harker and Temple is
where is the radian frequency, ␤ 1 and ␤ s are the compressibilities of the liquid and solid phases respectively, 1 and s are likewise the densities of the liquid and solid phases, and is the solid phase volume fraction. The complex quantity S is
where R is the Stokes hydrodynamic radius of the particles, i ϭ (Ϫ1) 1/ 2 , and ␦ is the frequency-dependent viscous skin depth defined as
where eff is the effective colloid viscosity. The effective viscosity is dependent on (i) the viscosity of the liquid phase, (ii) the particle phase volume fraction and the particle shape factor K, and (iii) for concentrated colloids a factor L dependent on the interference between particles. An expression for this is given by Norton et al. (8) as
for which good fits to measured data are obtained with n ϭ 3 both by Norton et al. (8) and in this work for sodium saturated kaolinite. Equation [2] reduces to the well-known Einstein relation (9) eff ϭ (1 ϩ K) at low concentrations. The shape factor K of a particle is defined by Vand (10) as K ϭ 5/(2Ј) where Ј is the ratio of particle volume to volume of particle plus volume of "attached" liquid as a result of its nonspherical shape and is given by Simha (4) as K ϭ 64a/(15l ) for platelet-shaped particles, where a(ӷ l ) is the radius of a circle with the same area as the particle face and l is the particle thickness. Once the wavenumber k is established, then velocity c() and attenuation ␣() are obtained from k ϭ /c() ϩ i␣().
Effects of Polydispersity
The coupled phase model (1) as summarized earlier is idealized in the sense that, as originally published, it considers only colloid systems containing particles of a single size. Experimental verification of these theories, as they stand, require monodisperse colloids that are difficult to prepare, are costly, and are not representative of the majority commercial products in process. The alternative is to extend the applicability of propagation models to include polydispersity, and although many distributions of particle size are possible (11), we have used the continuous lognormal distribution over particle radius. The objective is to determine expectation values of attenuation ͗␣͘ and velocity ͗c͘ which are approximated by means of
where p(R) is the lognormal distribution over the particle radius R. In this work, we define velocity dispersion as ͗c()͘ Ϫ ͗c(2 MHz)͘. The reason for subtracting velocity at 2 MHz, rather than at some other frequency, from velocity at any given frequency, relates to the experimental method and will be explained in the next section. In order to demonstrate the effects of changing the mean particle size and the standard deviation of the size distribution, we have used this interpretation of the Harker and Temple model to simulate attenuation and phase velocity as functions of frequency over the range we expect to measure. Figure 1 shows that for a dilute kaolin suspension ( ϭ 0.08) attenuation rises as particle size increases, whilst Fig. 2 shows a corresponding increase in phase velocity dispersions. Figures 3 and 4 show that, for a given particle size (200 nm) and the same concentration, both attenuation and velocity dispersion increase as the standard deviation of the particle size reduces.
EXPERIMENTAL METHOD
Apparatus
The equipment used to measure ultrasonic attenuation and velocity dispersion spectra of kaolin suspensions is a broadband ultrasonic spectrometer which has been described in detail (2); therefore, its form and operation will only be summarized here. The spectrometer consists of a high voltage pulse generator which feeds a piezoelectric transducer at one end of a 36-mm cube test cell, into which a liquid test sample can be placed. An identical transducer at the other end of the test cell acts as an acoustic receiver. These items are housed in a temperature-controlled cabinet. The temperature is sensed by a platinum resistance thermometer which is immersed into the test liquid and enables the temperature of the test sample to be preset and controlled to within Ϯ0.1°C. The signal from the receiver transducer is fed to a 40-dB amplifier outside the main cabinet but housed inside its own temperature-controlled enclosure. This amplifier has a guaranteed bandwidth of 150 MHz and a maximum rise time of 2.3 ns to provide good signal reproduction over the frequency range of operation (2-50 MHz) including a linear phase response for phase velocity estimation.
The frequency range of operation is determined at its maximum by antialiasing filters and the sampling frequency of the time domain output signal from the test cell. It is also determined at its minimum by the geometry of the test cell and transducers. Below the minimum of 2 MHz, the instrument is operating below the diffraction limit for an acoustic wave in an aqueous sample for the transducer diameters used, and this is the reason for subtracting phase velocity at this frequency for determining phase velocity dispersion.
Sample Preparation
The grade of kaolin used in this work was Supreme (ECCI, St. Austell, Cornwall, UK) of which the particles have an average plate diameter of ϳ1 m (Fig. 5) . The surface area is 14.3 m 2 g Ϫ1 (ECCI) from which an average plate thickness of ϳ50 nm is calculated. Kaolin suspensions were prepared for rheological and particle size measurements as well as for ultrasonic spectroscopy. Samples for rheological and ultrasound experiments were 30 ml in total volume with the following volume concentrations of kaolin: 0.01, 0.02, . . . , 0.08.
The liquid phase used was deionized distilled water, and the pH was controlled with sodium hydroxide (NaOH) in conjunction with sulfuric acid (H 2 SO 4 ). The natural pH (before pH modification) of these slurries was found to be ϳ4. A further set of 30-ml samples was prepared with an initial liquid phase of 10 mM KCl in H 2 O for further ultrasound experiments to be carried out in order to check the effect of elevated ionic strength. Aqueous kaolin suspensions of 400 ml with volume
FIG. 3.
Modeled data showing the effects of varying particle size standard deviation from 400 nm on ultrasonic attenuation in a kaolin suspension ( ϭ 0.08) while mean particle radius (R) remains fixed.
FIG. 4.
Modeled data showing the effects of varying particle size standard deviation from 400 nm on velocity dispersion in a kaolin suspension ( ϭ 0.08) while mean particle radius (R) remains fixed. fractions of 0.03 and 0.08 were also prepared for particle size measurements using an electroacoustic AcoustoSizer (ACZRplus, Matec Applied Sciences). All chemicals used in preparing these samples were of analytical reagent quality.
Ultrasound Measurements
Ultrasound measurements were taken over a range of pH values between 3 and 9, and over a range of volume fractions between 0.01 and 0.08, with the sample temperature set to 25°C. Initially the pH of a 30-ml sample was reduced to 3 by the addition of sulfuric acid, and ultrasound measurements were taken at integral values of pH up to 9, where pH was increased by the addition of sodium hydroxide. In each case, a sample was degassed by ultrasonication for 2 minutes in an ultrasonic cleaning bath (Model QX, Walker Electronics Ltd.), after which it was placed into the test cell and allowed to stand in situ for 10 minutes before a measurement was taken. Immediately before each measurement, the sample was stirred gently by hand to counter the effects of sedimentation. This procedure was carried out for integral percentage volume fractions from ϭ 0.01 to ϭ 0.08 inclusive. Attenuation and velocity dispersion for pH values 4 and 9 at 8 MHz as functions of and associated quadratic fits to show general trends are shown in Figs. 6 and 7. Quadratic fits to velocity dispersion results for all pH values from 3 to 9 are shown in Fig. 8 . Even though the difference between the fits was small, it is nevertheless regarded as significant on the basis that they are reproducible over many experiments. This procedure was repeated for kaolin suspensions in a solution of 10 mM potassium chloride (KCl in H 2 O), and these results are shown in Figs. 9 and 10.
Rheological Measurements
The main purpose of these measurements is to generate results which can be incorporated as an effective viscosity eff into the Harker and Temple model (1). Rheological measurements were carried out on 30-ml samples of kaolin in water prepared in the same way as for the ultrasound measurements. The instrument used was a Mettler RM260 rheomat incorporating a concentric cylinder couette (cup and bob) vessel. Readings were taken for samples at solid volume concentrations of 0.02, 0.03, . . . , 0.08, with each at pH values of 3, 4, . . . , 9, the pH values of samples being adjusted using sulfuric acid and sodium hydroxide as previously described. For each reading, the speed of the bob was increased uniformly from zero to a shear rate of 1000 s Ϫ1 over 20 seconds, and then immediately decreased uniformly to zero for a further 20 seconds. The data were obtained from the period of decreasing shear rate in order to avoid thixotropic inconsistencies apparent during increasing shear. The results of these measurements were interpreted according to the Bingham plastic model (4) with slope viscosity eff and Bingham yield stress B as parameters. We have plotted measured plastic viscosity both against pH for each of the values of , and against for each of the pH values (Figs. 11 and 12) . A good fit to eff versus (pH, ) was obtained by combining a linear expression in pH, with a cubic expression in (8) . This gives
We used an adaptive procedure based on a Levenberg-Marquardt 2 fitting algorithm to obtain A i , B i from physical measurements of , eff , and at a range of pH values. The free parameters A i and B i adapt to the following values: A 1 ϭ 30.37, A 2 ϭ 2293, B 1 ϭ Ϫ0.9424, and B 2 ϭ Ϫ66.03.
Particle Size Measurements
As with the rheological experiments, the purpose of particle size measurements was to provide data to incorporate into the acoustic propagation model (1) . Particle size measurements were made using an AcoustoSizer (ACZRplus, Matec Applied Sciences), whose function is based on the electroacoustic effect (12) . The instrument is accurate provided that there is a high contrast between the densities of the phases, and the liquid phase conductivity is sufficiently high ( Ͼ 50 mSm Ϫ1 ). The AcoustoSizer was appropriate to this work because (i) its function is based on hydrodynamics, its output sizes being in terms of hydrodynamic radii which are relevant to coupled phase models, and (ii) it provides data on liquid phase conductivity and zeta potential which can be used to determine the extent of the electroviscous effect. Particle size measurements were made on two 400-ml samples of kaolin at volume fractions of ϭ 0.03 and ϭ 0.08. The instrument was set at 25°C.
The pH of the samples was controlled in the same way as described for ultrasound and rheology measurements. The results of particle size measurements are shown in Tables 1  and 2 .
Measured results from ultrasound experiments were compared with results simulated using our adapted form of the Harker and Temple theory utilizing data from rheological and particle size measurements. Figure 13 shows measured velocity dispersion at a volume fraction of ϭ 0.08 compared with corresponding simulated results where viscosity was obtained from Eq. [4] and particle size data were taken from Table 2 . Figures 15 and 16 show velocity dispersion at 10 MHz plotted against mean particle radius ͗R͘ at ϭ 0.03 and ϭ 0.08, respectively, with corresponding linear fits. These results show the opposing trends of velocity dispersion versus ͗R͘ for increasing pH for those volume fractions.
DISCUSSION
Gel Point in Clays
Throughout this work, it is assumed that the kaolin flocs which form naturally have some freedom to move relative to each other and do not form a network which spans the whole suspension. This would certainly be the case if volume fractions were below the gel point for the grade of kaolin used. Dijkstra et al. (13) simulated flocculation in clays and showed that a gel forms when the dimensionless particle population density n* ϭ 8a 3 N/V exceeds about 2.8, where a is the radius of a disk with the same area as the particle faces and N/V is the number of platelets per unit volume. Solid volume fraction can be expressed as ϭ ln* 8a , [5] where l is the particle thickness. For our kaolin, n* ϭ 2.8 corresponds to Ϸ 0.11 which is above the concentration we have used.
Size Distribution Effects
The effects of introducing polydispersity into an ultrasound-coupled phase model are considerable. Figures 1 and  2 show that although attenuation and velocity dispersion increase with increasing particle size, this is true only if the width of the size distribution remains constant. In certain cases though, increasing the width of the size distribution while maintaining a constant mean radius causes attenuation and velocity dispersion to decrease. This is modeled in Figs. 3 and 4 for a kaolin slurry with ϭ 0.08 with floc sizes similar to those measured at that volume fraction. For the simulations (Figs. 1-4) we have used the effective viscosity expression derived by Vand (10) eff ϭ ͑1 ϩ 2.5 ϩ 7.349 2 ͒. [6] This shows that the theory predicts the effects of broadening particle size distribution under the conditions described. Because, on the basis of the simulated data shown in Figs. 3 and 4, the width of the size distribution can have such a strong effect, we propose that this explains the results seen in Figs. 6 -8 where there is a tendency for attenuation and velocity dispersion to increase with increasing pH (deflocculation) at low (0 -0.05); the opposite is true at higher values of (0.05-0.08). The results suggest that although mean hydrody- namic floc radius ͗R͘ increases with decreasing pH (see ͗R͘ in Tables 1 and 2 ), a more pronounced broadening of size distribution takes place at lower volume fractions (see in Tables  1 and 2) . A possible mechanism for this might be as follows: flocs with particles in edge-face association which occur naturally at low ionic strength are fractal structures which have a monotonically decreasing density with increasing size. Therefore, for any given volume fraction , there will be a unique floc radius which approximates the maximum size of flocs in the suspension having this internal volume fraction. At this notional maximum floc radius, the dispersed phase volume fraction within the floc is equal to the dispersed phase volume fraction averaged over the bulk of the suspension. Increasing the volume fraction will decrease the maximum floc radius and, hence, will reduce the width of the size distribution from the high R side. This will also have the effect of decreasing the mean radius ͗R͘ and may explain, at least in part, the particle size results presented in Tables 1 and 2 (Figs. 6 -8) , they are qualitatively similar. At this ionic strength, it is expected that there will be a higher proportion of aggregates, with particles in face-to-face association, which have higher fractal dimension-close to 3 (3). However, it is likely that a significant number of more open fractal flocs still remain to contribute to the effect discussed earlier.
When particle size data from Tables 1 and 2 and viscosity from Eq. [4] (derived from rheology measurements) are used in the Harker and Temple model to generate model predictions, we see good agreement with measured data. In Fig. 13 , model predictions are compared with measured results for velocity dispersion over the frequency range 2-12 MHz for kaolin suspensions at ϭ 0.08 and pH values of 4 and 9. Figure 14 shows quadratic fits to model predictions at discrete volume fractions. This is seen to compare well with the measured results shown in Fig. 7.   FIG. 15 . Measured velocity dispersion data at 10 MHz at ϭ 0.03 irrespective of pH plotted against measured mean particle radius (R) (points) with a straight line fit.
FIG. 16.
Measured velocity dispersion data at 10 MHz at ϭ 0.08 irrespective of pH plotted against measured mean particle radius (R) (points) with a straight line fit.
The authors recognize that visual images of the flocs in our experimental suspensions would provide useful evidence in support of the phenomena proposed earlier. In order to achieve this, a technique such as microfocus X ray would be required; however, current systems, such as those available from X-Tek Systems Ltd., are limited to a resolution of around 5 m. This would have to be improved to 1 m or better in order to achieve images that could be used for comparison with observations using our ultrasonic technique.
CONCLUSION
Experimental observations have been presented which show that, for kaolin (Supreme, ECCI) suspensions with solid volume fractions in the range 0.05 Ͻ Յ 0.08, both attenuation and velocity dispersion are higher at low pH than they are for high pH within the range 4 Յ pH Յ 9. These observations follow the same trend as the results of the theoretical simulations that assume monodispersity where flocculation is modeled as a simple increase in particle size. However, at lower volume fractions ( Ͻ 0.05), the opposite is true, attenuation and velocity dispersion are lower at low pH than they are at high pH. These results can be explained on the basis of a broadening distribution of floc size as pH decreases. This broadening opposes the effect of the increase in floc size and is more significant at low volume fractions. This in turn is likely to be caused by a relationship between floc size and volume fraction (small flocs being of higher density than large flocs) where an increase in causes a decrease in the maximum floc size and, hence, a narrower distribution. It has also been found that Harker and Temple's theory gives accurate simulations of ultrasonic wave attenuation and phase velocity dispersion when measured particle size data and experimentally derived effective viscosity are incorporated into the model.
